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Abstract 

The human organic anion transporting polypeptide 1A2 (0ATP1A2) is an important membrane protein that mediates the 
cellular influx of various substances including drugs. Previous studies have shown that PDZ-domain containing proteins, 
especially PDZK1 and NHERF1, regulate the function of related membrane transporters in other mammalian species. This 
study investigated the role of PDZK1 and NHERF1 in the regulation of 0ATP1A2 in an in vitro cell model. Transporter 
function and protein expression were assessed in 0ATP1 A2-transfected HEK-293 cells that co-expressed PDZK1 or NHERF1. 
Substrate (estrone-3-sulfate) uptake by OATP1A2 was significantly increased to ~1.6- (PDZK1) and ~1.8- (NHERF1) fold of 
control; this was dependent on the putative PDZ-binding domain within the C-terminus of OATP1A2. The functional 
increase of OATP1A2 following PDZK1 or NHERF1 over-expression was associated with increased transporter expression at 
the plasma membrane and in the whole cell, and was reflected by an increase in the apparent maximal velocity of estrone- 
s-sulfate uptake (V max : 138.9±4.1 (PDZK1) and 181.4±16.7 (NHERF1) versus 55.5±3.2 pmol*(ug*4 min)" 1 in control; 
P<0.01). Co-immunoprecipitation analysis indicated that the regulatory actions of PDZK1 and NHERF1 were mediated by 
direct interaction with OATP1A2 protein. In further experiments PDZK1 and NHERF1 modulated OATP1A2 expression by 
decreasing its internalization in a clathrin-dependent (but caveolin-independent) manner. Additionally, PDZK1 and NHERF1 
enhanced the stability of OATP1A2 protein in HEK-293 cells. The present findings indicated that PDZK1 and NHERF1 
regulate the transport function of OATP1 A2 by modulating protein internalization via a clathrin-dependent pathway and by 
enhancing protein stability. 
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Introduction 

Organic anion transporting polypeptides (OATPs) encoded by 
solute carrier transporter (6ZC) genes are a family of membrane 
transporter proteins that are widely expressed in human tissues. 
OATPs mediate the cellular influx of endogenous and exogenous 
substances including a number of drugs [1-7]. OATP1A2 is 
expressed in the renal tubules, intestine, brain capillary endothe- 
lium and biliary cholangiocytes where it contributes to intestinal 
drug absorption at the luminal apical membrane of enterocytes, 
the tubular reabsorption of xenobiotics at the renal apical 
membrane and drug transport into brain [3,8-13]. Important 
substrates of OATP1A2 include bile acids, steroid and thyroid 
hormones (and their conjugates), drugs such as imatinib, 
fexofenadine, methotrexate, HIV protease inhibitors and HMG- 
CoA reductase inhibitors, and certain peptides [2,3,11,14-20]. 
Indeed, OATP1A2 function influences the cellular uptake and 
pharmacokinetic behaviour of a number of drugs [1,3,4,13,19]. 

Several important regulatory mechanisms have emerged for 
OATPs, including post-translational processing by N-glycosylation 
[2 1] and altered trafficking by protein kinase-mediated phosphor- 



ylation [22-25]. OATPs are also regulated by interactions with 
chaperones that include the PDZ (PSD95, Dig and ZOl) domain- 
containing proteins [26-28]. These proteins interact with small 
canonical sequences of 3—4 amino acid residues within C-termini 
of target proteins to direct and anchor the latter to specific regions 
of the cell [29]. The PDZ proteins PDZK1 and NHERF1 have 
been shown to regulate the subcellular trafficking of certain 
transporters and to be essential for optimal transport function [30- 
32]. PDZK1 regulates the cellular polarity of rodent Oatps by 
maintaining the asymmetrical distribution of proteins and lipids 
between the apical and basolateral surfaces of cells [27,28]. 
Phosphorylation on serine residues upstream from the PDZ 
binding consensus site in rat Oatplal is required for optimal 
binding to PDZK1 [26]. A recent study also implicated PDZK1 in 
the selective recruitment of microtubule-based motor proteins that 
mediate murine Oatplal trafficking to the plasma membrane 
[33]. 

From yeast two-hybrid library screening Kato et al. first 
suggested the potential for interactions between PDZ proteins 
and human OATP1A2 [34]. The present study investigated the 
molecular mechanisms by which PDZ proteins regulate 
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OATP1A2 transport function. The major findings to emerge were 
that PDZ proteins regulate OATP1A2 function and expression in 
HEK-293 cells by modulation of transporter trafficking and 
protein stability. 

Materials and Methods 

Materials 

[^HJEstrone-S-sulfate (E3S; specific activity 57.3 Ci/mmol) was 
purchased from PerkinElmer (Melbourne, VIC, Australia). 
Dulbecco's modified Eagle's medium (DMEM) was obtained from 
Thermo Scientific (Lidcombe, NSW, Australia). Puromycin was 
purchased from Sapphire Biosciences (Redfern, NSW, Australia). 
Endo F and Endo Hf were purchased from Genesearch (Arundel, 
Qld, Australia). Protease inhibitor cocktail tablets were obtained 
from Roche Diagnostics Australia Pty. Ltd. (Castle Hill, NSW, 
Australia). Anti-flag and anti-myc antibodies were from Gene- 
search, the horseradish peroxidase-conjugated goat anti-rabbit 
IgG was from Sapphire Biosciences and the anti-(3-actin antibody 
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Unless otherwise stated, all other chemicals and biochem- 
icals were purchased from Sigma-Aldrich (Castle Hill, NSW, 
Australia). 

Preparation of OATP1A2, PDZK1 and NHERF1 constructs 

The OATP1A2, PDZK1 and NHERF1 cDNAs were pur- 
chased from GeneCopoeia (Cat. No: GC-Q0577, GC-Q0230 and 
GC-U0225) and subcloned into the PCI vector (Promega; 
Alexandria, NSW, Australia). Nucleotide changes were generated 
in cDNAs by site-directed mutagenesis using Pfu DNA polymerase 
(Promega; Singapore) as described previously [35,36]. A Flag tag 
(DYKDDDDK) was inserted at the N-terminus of OATP1A2 and 
myc tags (EQKLISEEDL) were introduced into the N-termini of 
PDZK1 and NHERF1. The OATPlA2-del mutant, that lacked 
the PDZ binding domain (residues 667-670, KTKL), was 
constructed by site-direct mutagenesis as described elsewhere 
[1,37] with the forward primer: 5'- GAAAGATGATGAATTG- 
TAGCGGTACCTCTAG-3 ' and the reverse primer: 5'- CTA- 
GAGGTACCGCTAC AATTCATC ATCTTTC-3 ' . All sequenc- 
es were confirmed by the dideoxy chain termination method 
(Ramaciotti Centre, University of New South Wales, Randwick, 
NSW, Australia). 

Substrate uptake in HEK-293 cells that over-express 
OATP1A2 

HEK-293 cells were cultured in DMEM supplemented with 
10% fetal calf serum (37°C, 5% C0 2 ). Cells were transfected with 
plasmid DNA using Lipofectamine 2000 (Invitrogen, Mount 
Waverley, VIC, Australia). Twenty-four h after transfection 
cellular uptake of [^FTJ-ESS (final concentration 0.3 uM, 
67 nCi/well) was estimated as described previously [1,2,23,38]. 
Uptake was initiated in phosphate-buffered saline (PBS; 137 mM 
NaCl, 2.7 mM KC1, 4.3 mM Na 2 HP0 4 , 1.4 mM KH 2 P0 4 , 
pH 7.4) containing 1 mM CaCl 2 , and 1 mM MgCl 2 . Preliminary 
experiments indicated that initial rates of OATPlA2-mediated 
substrate uptake in HEK-293 cells were linear over at least 
10 mins. Uptake was terminated by rapidly washing the cells in 
PBS buffer at 4°C. The cells were then solubilized in 0.2 M 
NaOH, followed by neutralization with 0.2 M HC1. Uptake rates 
were standardized to the total amount of protein in each well. 
Kinetic studies were conducted over the E3S concentration range 
0.05-50 uM and were run for 4 min. Apparent K m and V mllx 
values for substrate uptake were calculated by nonlinear regression 
(GraphPad Prism 5.0; GraphPad Inc, Lajolla, CA, USA). 



Electrophoresis and immunoblotting 

Cell lysate proteins were denatured, loaded onto 7.5% 
polyacrylamide minigels and electrophoresed as described previ- 
ously [1,23,37]. Protein transfer to polyvinylidene fluoride 
membranes was conducted in an electroelution cell (Bio-Rad; 
Gladesville, NSW, Australia). Membranes were blocked for 1 h 
with 5% nonfat dry milk in PBS-Tween (137 mM NaCl, 2.7 mM 
KC1, 4.3 mM Na 2 HP0 4 , 1.4 mM KH 2 P0 4 and 0.05% Tween 
20, pH 7.5), washed with TBS-Tween, and then incubated 
overnight at 4°C with primary antibody. Membranes were 
washed, incubated with horseradish peroxidase-conjugated goat 
anti-rabbit IgG (1:5000; Sapphire Biosciences, Cat. No: sc-2004), 
and signals were detected using the Immobilon Western Chemi- 
luminescent HRP Substrate (Merck; Kilsyth, VIC, Australia). 

Co-immunoprecipitation 

HEK-293 cells were co-transfected with OATPlA2-N-flag and 
either PDZKl-N-myc or NHERFl-N-myc and were lysed 24 h 
later in gentle immunoprecipitation buffer (10 mm Tris/HCl, 
10 mm NaCl, 0.5-1% Triton X-100, 2 mm EDTA, 10% glycerol 
and protease inhibitor cocktail, pH 7.5). Cell lysates were 
precleaned with protein G-agarose beads (Genesearch) to decrease 
nonspecific binding and then incubated overnight with anti-flag 
antibody (Genesearch; 1:200) at 4°C. Protein G-agarose beads 
were then added and mixed by end-over-end rotation at 4°C for 

2 h. Proteins bound to the protein G-agarose beads were eluted 
with Laemmli buffer containing (3-mercaptoethanol and analyzed 
by immunoblotting with anti-myc antibody (Genesearch; 1:1000). 

Biotinylation of OATP1A2 expressed at the plasma 
membrane of HEK-293 cells 

HEK-293 cells were co-transfected with OATPlA2-N-flag and 
PDZK1 or NHERF1 cDNAs, or vector alone (control), in six-well 
plates using Lipofectamine 2000 [37]. After 24 h, the medium was 
removed and the cells were washed with ice-cold PBS (pH 8.0; 

3 mL). Cells were incubated on ice with the membrane 
impermeable NHS-SS-biotin (0.5 mg/mL in PBS). After 30 min, 
cells were washed with PBS containing 100 mM glycine and 
incubated on ice for 20 min to ensure complete quenching of 
unreacted NHS-SS-biotin. The cells were then treated for 30 min 
with lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 
0.1% sodium dodecyl sulfate, 1% Triton X-100, that contained 
the protease inhibitors phenylmethylsulfonyl fluoride, 200 mg/ 
mL, and leupeptin, 3 mg/mL, pH 7.4; 400 uL). Unlysed cells 
were removed by centrifugation at 14,000 g at 4°C. 

Equivalent quantities of protein lysates from each sample 
(Bradford assay) were loaded onto streptavidin-agarose beads 
(50 uL; Quantum Scientific), eluted and subjected to immuno- 
blotting analysis, as described above. After probing with the 
OATP1A2 or Flag antibodies, the membranes of biotinylated 
samples were routinely re-probed with anti-fS-actin antibody to 
confirm the absence of the intracellular protein [i-actin. In 
addition, 10% of each lysate was denatured and loaded onto 
separate gels. Immunoblotting for fS-acfin on the membranes of 
lysate was done to confirm uniform protein loading. 

OATP1A2 internalization 

As shown in Fig 1A, internalization of biotinylated OATP1A2 
was evaluated in HEK-293 cells that were co-transfected with 
OATPlA2-N-flag and PDZKl-N-myc, NHERF 1 -N-myc or 
control vector [23,39]. Residual NHS-SS-biotin was quenched 
with glycine (100 mM) and the cells were warmed to 37°C to 
initialize internalization. At the end of incubations, sodium 2- 
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mercaptoethanesulfonate (50 mM) in NT buffer (150 mM NaCl, 
1 mM EDTA, 0.2% bovine serum albumin, 20 mM Tris, pH 8.6; 
30 min, repeated twice) was added to strip biotinylated, but non- 
internalized, proteins remaining at the cell surface. Cell lysates 
were prepared in lysis buffer and 500 |ig protein from each sample 
was applied to streptavidin-agarose beads to capture biotinylated 
proteins. Electrophoresis and immunoblotting of the lysate 
proteins bound to streptavidin-agarose beads was conducted as 
described above. Again uniform protein loading was confirmed by 
immunoblotting for P-actin in separate lysate aliquots. Densito- 
metric analysis (ImageJ software) was used to estimate relative 
OATP1 A2 internalization at each time point, which was expressed 
as a percentage of the initial biotinylated pool of OATP1A2 at the 
plasma membrane. 

OATP 1A2 targeting/recycling 

HEK-293 ceUs co-transfected with OATPlA2-N-flag and 
PDZKl-N-myc, NHERFl-N-myc or control vector were labeled 
with NHS-SS-biotin (1 mg/mL) at 4°C and then warmed to 37°C 



to initialize recycling/ targeting for varying times; an additional 
aliquot of NHS-SS-biotin (1 mg/mL, 30 min, 4°C) was applied to 
cells to optimize biotinylation of recycled/targeted proteins 
(Fig IB). At the end of incubations residual NHS-SS-biotin was 
quenched with glycine (100 mM) at 4°C [23,39]. Cell lysates were 
prepared in lysis buffer and 500 u,g protein each sample was 
applied to streptavidin-agarose beads to capture biotinylated 
proteins. Electrophoresis and immunoblotting of the lysate 
proteins bound to streptavidin-agarose beads was conducted as 
described above. Again uniform protein loading was confirmed by 
immunoblotting for P-actin in separate lysate aliquots. Densito- 
metric analysis (ImageJ software) was used to estimate the relative 
amount of recycled and membrane targeted OATP1A2 at each 
time point, which was expressed as a percentage of the initial 
biotinylated pool of OATP1A2 at the plasma membrane. 

Statistics 

Data are presented throughout as mean±S.E. The Student's t- 
test was used to test for differences between two sets of normally 
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Figure 1 . Scheme outlining the biotinylation-based internalization and recycling/membrane targeting assays. (A) Internalization assay. 
HEK-293 cells co-transfected with OATP1 A2-N-flag and PDZK1-N-myc, NHERF1-N-myc or control vector were labeled with NHS-SS-biotin at 4°C. After 
quenching of residual NHS-SS-biotin with glycine (100 mM) the cells were warmed to 37 3 C to initialize internalization. At the end of incubations, 
sodium 2-mercaptoethanesulfonate (50 mM) was added to strip biotinylated, but non-internalized, proteins remaining at the cell surface. Cell lysates 
were prepared in lysis buffer and 500 ug protein from each sample was applied to streptavidin-agarose beads to capture biotinylated proteins. (B) 
Recycling/membrane targeting assay. HEK-293 cells co-transfected with OATP1 A2-N-flag and PDZKI-N-myc, NHERF1-N-myc or control vector were 
labeled with NHS-SS-biotin at 4°C and then warmed to 37°C to initialize recycling/targeting for varying times; an additional aliquot of NHS-SS-biotin 
was applied to cells to optimize biotinylation of recycled/targeted proteins. At the end of incubations residual NHS-SS-biotin was quenched with 
glycine (1 00 mM) at 4°C. Cell lysates were prepared in lysis buffer and 500 |ig protein from each sample was applied to streptavidin-agarose beads to 
capture biotinylated proteins. Electrophoresis and immunoblotting of lysate proteins bound to streptavidin/agarose beads was performed as 
described in Materials and Methods. 
doi:10.1371/journal.pone.0094712.g001 
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Figure 2. Altered transport function and expression of OATP1A2 in HEK-293 cells in the presence and absence of co-transfected 
PDZK1 and NHERF1. (A) Transport of 300 nM [ 5 H] E3S in OATP1 A2-transfected HEK-293 cells with or without co-expressed PDZK1 or NHERF1 at 
37°C. Values are means ± S.E. (n = 3). **: Different from control (OATP1 A2 + vector): P<0.01. (B) Western blot analysis of total cellular expression of 
OATP1 A2-N-flag isoforms with or without co-expression of PDZK1 or NHERF1. Top Panel: Cells were lysed and proteins were separated by SDS- 
polyacrylamide gel electrophoresis, followed by Western blotting with anti-flag antibody. Bottom Panel: After stripping, the blot was reprobed with 
anti-p-actin antibody. (C) Western blot analysis of cell surface expression of OATP1 A2-N-flag with or without co-expression of PDZK1 or NHERF1. Cells 
were biotinylated, and the labeled cell surface proteins were precipitated with streptavidin beads and separated by gel electrophoresis, followed by 
Western blotting with anti-flag antibody. 
doi:1 0.1 371 /journal.pone.009471 2.g002 



distributed data and one-way analysis of variance and Dunnett's 
testing for multiple treatment comparisons. 

Results 

PDZK1 and NHERF1 enhance the expression and 
functional activity of OATP1A2 in HEK-293 cells 

The interaction between PDZ proteins and human OATP1A2 
was identified by yeast two-hybrid library screening [34], but the 
functional significance has not been established. In the current 
study, we tested whether PDZ proteins alter transporter function 
after co-expression in HEK-293 cells. As shown in Fig. 2A, co- 
expression of the major PDZ proteins, PDZK1 and NHERF1, 
enhanced the transporter activity of OATP1 A2 in HEK-293 cells 
to -1.6- (PDZK1) and -1.8- (NHERF1) fold of control 
(OATP1A2 + vector). Because the available antibodies of 
OATP1A2, PDZK1 and NHERF1 lack specificity, we prepared 



N-Flag tagged OATP1A2 and N-myc tagged PDZK1 and 
NHERF1 constructs for use in this study. This enabled the use 
of the highly specific anti-flag and anti-myc antibodies in the 
analysis of OATP1A2/PDZ protein interactions. Inclusion of the 
Flag and myc tags at the N-terminus did not influence OATP1A2 
function or its activation by PDZK1 or NHERF1 (data not 
shown). 

The putative PDZ binding domain of OATP1A2 is located at 
the last four C-terminal amino acids of the transporter (residues 
667-670, KTKL); this motif is also highly conserved among 
OATPs. An OATPlA2-del mutant cDNA that lacked the PDZ 
binding domain was constructed by site-directed mutagenesis. In 
functional experiments neither PDZK1 nor NHERF1 enhanced 
E3S uptake by the OATPlA2-del mutant, although basal uptake 
of this mutant was comparable to wild type OATP1A2 (Fig 2A). 

Consistent with previous findings [1], two signals were observed 
at —95 KDa and —65 KDa in direct immunoblots of OATP1 A2- 
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Michaelis-Menten Plot 

OATPlA2+vector 
OATP1A2+PDZK1 
OATP1A2+NHERF1 



K m (uM) V max (pmol *(ng*4 min)>) 

OATP1A2 13.8+1.9 55.5 + 3.2 

OATP1A2 14.9+1.0 138.9+4.1** 
+ PDZK1 

OATP1A2 17.3 + 3.7 181.4+16.7** 
+ NHERF1 



Figure 3. Michaelis-Menten plot of E3S transport kinetics by OATP1A2 with or without co-transfected PDZK1 or NHERF1. E3S uptake 
was conducted over a 4 min experimental duration. Radioactivity in cells was corrected for non-specific uptake by vector transfected cells and was 
also standardized to the amount of protein in each well. Kinetic parameters were calculated by nonlinear regression. Values are means ± S.E. (n = 3). 
**: Different from control: P<0.01. 
doi:1 0.1 371 /journal.pone.009471 2.g003 

N-flag in total cell lysates from HEK-293 cells (Fig 2B). In contrast, isoform may be a fully glycosylated mature surface form of 
only the ~95 KDa isoform was detected on immunoblots after OATP1A2, while the ~65 KDa isoform may be an immature 
biotinylation (Fig 2C), which supports the contention that this intracellular form. In supporting experiments, both OATP1A2 
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Figure 4. Association of OATP1 A2 with PDZK1 and NHERF1. (A) co-immunoprecipitation of OATP1 A2-N-flag and PDZK1-N-myc or NHERF1-N- 
myc. HEK-293 cells that co-expressed OATP1 A2-N-flag and either PDZK1-N-myc or NHERF1-N-myc were lysed and subjected to immunoprecipitation 
with anti-flag antibody, followed by immunoblotting with anti-myc antibody. (B) Direct immunoblotting for N-Flag and N-myc tags, respectively, in 
the lysates of HEK-293 cells co-expressed with OATP1 A2-N-flag and either PDZK1 -N-myc or NHERF1 -N-myc prior to immunoprecipitation. 
doi:1 0.1 371 /journal.pone.009471 2.g004 
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Figure 5. Biotinylation analysis of OATP1 A2-N-flag internalization and recycling/targeting in HEK-293 cells co-expressing PDZK1- 
N-myc and NHERF1-N-myc. (A) 0ATP1 A2-N-flag internalization was undertaken as described under "Materials and Methods," followed by Western 
blotting with an anti-Flag antibody; a representative of 3 separate experiments was shown. Stripping control: biotinylated cells were treated with 
50 mM sodium 2-mercaptoethanesulfonate to remove the biotin label prior to initiating internalization. (B) Densitometric analysis of internalized 
OATP1 A2-N-Flag as a percentage of the total initial pool of biotinylated OATP1 A2-N-Flag at the cell surface (means ±S.E. from 3 individual 
experiments). *: Different from control: P<0.05. (C) OATP1 A2-N-Flag recycling/targeting was undertaken as described under "Materials and Methods," 
followed by Western blotting with an anti-Flag antibody; a representative of 3 separate experiments was shown. (D) Densitometric analysis of 
membrane OATP1 A2-N-Flag as a percentage of the pool of biotinylated OATP1 A2-N-Flag prior to initiation of recycling/targeting (means ±S.E. from 3 
individual experiments). Blotting for (3-actin in separate aliquots of total lysates was used to confirm uniform protein loading. 
doi:10.1371/journal.pone.0094712.g005 



isoforms were sensitive to treatment with Endo F (an endoglyco- 
sidase that cleaves N-linked oligosaccharides in glycoproteins), but 
only the ~65 KDa isoform exhibited a band shift after treatment 
with Endo Hf (an endoglycosidase that cleaves high mannose and 
some hybrid oligosaccharides from jV-linked glycoproteins) (data 
not shown). 

Co-expression of PDZK1 or NHERF1 also increased plasma 
membrane expression of OATP1A2 to ~1.7±0.3- (PDZK1) and 
~2.0±0.5- (NHERF1) fold of control (n = 3; Fig 2C) and total 
cellular expression of the ~95 KDa and ~65 KDa isoforms 
(P<0.01, Fig 2B). These findings were supported by the kinetic 
analysis that found the V max , but not the K m , for E3S uptake by 
OATP1A2 was increased by co-expression of PDZ proteins 
(P<0.01; Fig 3). 

PDZK1 and NHERF1 interact with OATP1A2 

PDZK 1 -N-myc or NHERF 1 -N-myc constructs were transiendy 
co-transfected with the OATPlA2-N-flag construct into the HEK- 
293 cells. Cell lysates were prepared, immune precipitates were 
isolated with the anti-flag antibody, and were then subjected to 
immunoblotting for myc-tagged PDZK1 or NHERF 1. As shown 
in Fig 4A, specific bands were detected in immune precipitates at 



-70 KDa (PDZK1) and -50 KDa (NHERF 1), which correspond 
to the anticipated sizes of PDZK1 and NHERF 1 [30,40]. The 
findings in Figs 4B and 4C were obtained by direct immunoblot- 
ting of cell lysates with anti-flag and anti-myc, respectively. 
Together these findings suggest that OATP1A2 interacts directiy 
with PDZ proteins. 

PDZK1 and NHERF1 regulate subcellular trafficking of 
OATP1A2 

The increased cell surface expression of OATP1A2 following 
co-expression of PDZK1 or NHERF 1 could be due to decreased 
protein internalization (endocytosis), increased recycling/ targeting 
between the plasma membrane and intracellular compartments, 
or a combination of both. As shown previously, OATP1A2 is 
subject to constitutive internalization [23]. In the present studies 
OATPlA2-N-flag was co-expressed with PDZK1 or NHERF 1. 
Cell surface proteins were pre-labeled with membrane imperme- 
able NHS-SS-biotin and then subjected to experimental protocols 
to individually evaluate OATP1A2 internalization and recycling/ 
targeting (Fig 1). As shown in Fig. 5 A and 5B, the internalization 
rate of OATP1A2 was significandy decreased by co-expression of 
PDZK1 and NHERF 1 (P<0.05). In contrast with this finding, 
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Figure 6. Clathrin-dependent internalization of OATP1A2 by PDZK1 and NHERF1. (A) Disruption of the clathrin-dependent pathway 
impairs OATP1 A2-N-flag internalization. HEK-293 cells over-expressing OATP1 A2-N-flag were treated with K + depletion buffer or 10 mM acetic acid 
for 30 mins, relative to PBS-treated control. Internalization continued at 37°C for 5 or 10 mins as described under "Materials and Methods," followed 
by immunoblotting for OATP1 A2-N-flag. (B) Internalized OATP1 A2-N-flag as a percentage of the total initial pool of biotinylated OATP1 A2-N-flag at 
the cell surface (means±S.E. of 3 individual experiments). *: Different from control: P<0.05. (C) Top panel: immunoblot analysis of OATP1 A2-N-flag in 
HEK-293 cells containing co-expressed PDZK1-N-myc or NHERF1-N-myc after treatment with 10 mM acetic acid for 30 mins, followed by 
internalization at 37 C for 5 or 10 mins. Bottom panel: Internalized OATP1 A2-N-flag as a percentage of the total initial pool of biotinylated OATP1A2- 
N-flag at the cell surface (means±S.E. of 3 individual experiments). (D) Top panel: immunoblot analysis of OATP1 A2-N-flag in HEK-293 cells containing 
co-expressed PDZK1-N-myc or NHERFI-N-myc after treatment with K + depletion buffer for 30 mins, followed by internalization at 37 C C for 5 or 
10 mins. Bottom panel: Internalized OATP1 A2-N-flag as a percentage of the total initial pool of biotinylated OATP1 A2-N-flag at the cell surface 
(means±S.E. of 3 individual experiments). Blotting for p-actin in separate aliquots of total lysates was used to confirm uniform protein loading. 
doi:1 0.1 371 /journal.pone.009471 2.g006 



PDZK1 and NHERF1 did not alter OATP1A2 trafficking from 
intracellular compartments to the cell membrane (Fig 5C and 5D). 
These findings suggest that OATP1A2 internalization, but not 
recycling/ targeting, is regulated by PDZ proteins. 

PDZK1 and NHERF1 modulate OATP1A2 internalization 
via a clathrin-dependent pathway 

Membrane transporter internalization may be clathrin-depen- 
dent, caveolin-dependent or clathrin/caveolin-independent. Here 
protein is relocated from the cell membrane to the cytoplasm via 
clathrin-coated pits and/or caveolin-enriched membrane invagi- 
nations [41,42]. Previous studies have shown that the internaliza- 
tion of OATP1A2 and OATP2B1 is associated with clathrin- 
dependent pathways in renal cells in vitro [22,23], while certain 
other proteins, such as the norepinephrine transporter in human 
placental trophoblast cells, are subject to caveolin-dependent 
endocytosis [43]. In the current study, inhibitors of clathrin- or 
caveolin-dependent pathways were used to evaluate OATP1A2 



internalization in HEK-293 cells. Previous studies from this and 
other laboratories have indicated that clathrin-dependent endo- 
cytosis is effectively inhibited by K + -depletion or acidification of 
the cytoplasm [23,39,44], whereas caveolin-dependent endocytosis 
is prevented by filipin [22,23,45,46] and nystatin [22,23,47]. 

The present data suggest that the constitutive internalization of 
OATP1A2 in HEK-293 cells is both clathrin- (Fig 6A and 6B) and 
caveolin- (Fig 7A and 7B) dependent. Interestingly, the decreased 
OATP1A2 internalization following the co-expression of PDZK1 
or NHERF1 was diminished by pre-treatment with either acetic 
acid or K + -depletion buffer (Fig 6C and 6D), but not by pre- 
treatment with filipin or nystatin (Fig 7C and 7D). 

PDZK1 and NHERF1 regulate OATP1A2 expression by 
increasing protein stability 

As shown in Fig. 2C, the co-expression of OATP1A2 with 
PDZK1 and NHERF1 increased the total cellular expression of 
the transporter. From real-time PCR analysis, this was not due to 
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Figure 7. Caveolin-dependent internalization of OATP1A2 by PDZK1 and NHERF1. (A) Disruption of the caveolin-dependent pathway 
impairs OATP1 A2-N-flag internalization. HEK-293 cells over-expressing OATP1 A2-N-flag were treated with filipin (5 ng/ml) or nystatin (25 uM) for 
30 mins, relative to dimethylsulfoxide-treated control. The cells were allowed to internalize at 37°C for 5 or 10 mins as described under "Materials and 
Methods" followed by immunoblotting for OATP1 A2-N-flag. (B) Internalized OATP1 A2-N-flag as a percentage of the total initial pool of biotinylated 
OATP1 A2-N-flag at the cell surface (means±S.E. of 3 individual experiments) *: Different from control: P<0.05. (C) Top panel: immunoblot analysis of 
OATP1A2-N-flag in HEK-293 cells containing co-expressed PDZKI-N-myc or NHERF1-N-myc after treatment with filipin (5 (ig/ml) for 30 mins, followed 
by internalization at 37°C for 5 or 10 mins. Bottom panel: Internalized OATP1 A2-N-flag as a percentage of the total initial pool of biotinylated 
OATP1 A2-N-flag at the cell surface (means±S.E. of 3 individual experiments). *: Different from control: P<0.05 (D) Top panel: immunoblot analysis of 
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OATP1 A2-N-flag at the cell surface (means±S.E. of 3 individual experiments). *: Different from control: P<0.05. Blotting for p-actin in separate aliquots 
of total lysates was used to confirm uniform protein loading. 
doi:10.1371/journal.pone.0094712.g007 



pre-translational up-regulation (data not shown). In further studies 
the stability of OAT1A2 protein was assessed in HEK-293 cells 
that had been treated with puromycin, an inhibitor of de novo 
protein synthesis [48,49] . It emerged that the degradation rate of 
the ~95 KDa isoform of OATP1A2 was significantly decreased 
by co-expression of PDZK1 and NHERF1 under these conditions 
(Fig 8A and 8B). 

Discussion 

OATP1A2 facilitates the cellular uptake of hormones and other 
endogenous substrates, and drugs and other exogenous com- 
pounds. OATP1A2 is expressed in cells of kidney, intestine, 
cholangiocytes and brain and is an important determinant of drug 
penetration into those tissues [8,11-13]. Currendy, there is only 
limited information regarding the mechanisms that regulate 



OATP1A2 function; such information could have clinical and 
physiological significance. 

There are about 180 human PDZ-domain-containing proteins. 
The mechanisms by which PDZ protein-protein interactions 
regulate the biological functions of proteins include altered 
phosphorylation, autoinhibition and allostery [50]. PDZ protein- 
protein interactions regulate membrane transporters in polarized 
epithelial cells [26-28,30-32,40,51-54]. Interactions between 
PDZ proteins and SLC transporters, including OATP1A2, were 
first identified by Kato et al. using yeast two-hybrid screening [34]. 
Subsequent studies confirmed that interactions between PDZK1 
and Oatp 1 a maintained the cellular polarity of murine Oatp 1 a 
[27,28]. To our knowledge the present study is the first to report 
the interaction between OATP and NHERF1. Due to the 
intermolecular association between NHERF1 and PDZK1 [55], 
the present findings suggest that PDZ proteins form complexes 
that modulate the expression and function of OATP1A2. The 
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Figure 8. Stability of OATP1A2 protein in HEK-293 cells in the presence or absence of co-expressed PDZK1 or NHERF1. (A) Western 
analysis of total cellular expression of OATP1 A2-N-flag with or without co-expression of PDZK1 or NHERF1. Top Panel: HEK-293 cells were treated with 
5 ag/ml puromycin for 24 and 48 h. Cells were harvested and lysate proteins were separated by SDS-polyacrylamide gel electrophoresis, followed by 
Western blotting with anti-flag antibody. Bottom Panel: After stripping, blots were reprobed with anti-fj-actin antibody. (B) Densitometric analysis of 
the mature (—95 KDa) isoform of OATP1 A2-N-flag as a percentage of total OATP1 A2 protein in the absence of puromycin treatment (means±S.E. of 3 
individual experiments). Different from control: *P<0.05; **P<0.01. 
doi:1 0.1 371 /journal.pone.009471 2.g008 



present study provides novel mechanistic detail underlying the 
regulation of human OATP1A2 by PDZ proteins. Increased 
OATP1A2 function was reflected by the increase in protein 
expression at the plasma membrane and in the whole cell (Fig 2B, 
2C and 2D) and by the increased V max for E3S uptake (Fig 3). 

PDZ proteins may regulate transporter functions by several 
mechanisms. PDZK1 and NHERF1 modulate the function of 
human organic anion transporter 4 (OAT4) by inhibiting 
internalization, which increases expression at the plasma mem- 
brane [30,51]. Increased transporter function and cell surface 
expression following co-expression of PDZ proteins in cells has 
also observed for human proton-coupled peptide transporter 2 
(hPepT2) and Organic Cation/Ergothioneine Transporter 1 
(OCTN1) [31,40,52]. PDZ proteins also stabilized the apical 
expression of human organic cation/carnitine transporter 2 
(OCTN2) [53,54]. PDZ-dependent modulation of the cellular 
polarity of rat Oatpla also required the phosphorylation of 
upstream serine residues [26]. The present data indicate that the 
increase in OATP1A2 function that occurred with co-expression 
of PDZK1 and NHERF1 is dependent on the PDZ binding 
domain located within the C-terminus of the transporter (residues 
667-670, KTKL); this motif is highly conserved among OATPs. 

It is well established that membrane transporters follow a 
constitutive internalization/recycling process in which they shuttle 



between the cell surface and intracellular compartments. Expres- 
sion at the plasma membrane reflects both newly synthesized 
protein that is specifically targeted to the cell surface and recycled 
protein. During internalization, protein is relocated from the cell 
membrane to the cytoplasm by associating with clathrin-coated 
pits and/or caveolin-enriched membrane invaginations [41,42]. 
Internalization of OATP1A2 in HEK-293 cells is partially 
dependent on clathrin-dependent endocytosis; this process is 
regulated by PKC [23]. In the current study, it was found that 
increased surface expression of OATP1A2 with co-expressed 
PDZK1 and NHERF1 was due in part to decreased protein 
internalization (Fig 5A, 5B) but not to altered recycling/ targeting 
(Fig 5C, 5D). In subsequent experiments both clathrin- and 
caveolin-dependent pathways were implicated in the constitutive 
internalization of OATP1A2 (Fig. 6 A, 7 A). It is noteworthy, 
however, that decreased internalization in the presence of PDZ 
proteins was clathrin-dependent (Fig 6C, 6D), but not caveolin- 
dependent (Fig 7C, 7D). 

OATP1A2 degradation was assessed in the presence and 
absence of the protein synthesis inhibitor puromycin. The 
apparent half life of OATP1A2 immunoreactive protein in HEK 
293 cells was ~24 h under these conditions and was prolonged on 
co-expression of PDZK1 and NHERF1, a finding consistent with 
enhanced stability; OATP1A2 mRNA expression was unchanged. 
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Interestingly, and consistent with the present findings regarding 
OATP1A2, PDZK1 has also been shown to enhance the stability 
of the scavenger receptor class B type I protein in mouse 
hepatocytes [56]. 

Conclusion 

In summary, the present findings indicate that (i) co-expression 
of PDZK1 and NHERF1 activates OATP1A2 function by direct 
interaction with the putative PDZ binding domain located within 
the C-terminus of the transporter; (ii) enhanced OATP1A2 
function is due to increased protein expression at the plasma 
membrane following decreased clathrin-dependent protein inter- 

References 

1. Zhou F, ZhengJ, Zhu L, Jodal A, Cui PH, ct al. (2013) Functional Analysis of 
Novel Polymorphisms in the Human SLC01A2 Gene that Encodes the 
Transporter OATP1A2. The AAPS journal 15: 1099-1108. 

2. Hu S, Franke RM, Filipski KK, Hu C, Orwick SJ, ct al. (2008) Interaction of 
imatinib with human organic ion carriers. Clinical cancer research: an official 
journal of the American Association for Cancer Research 14: 3141-3148. 

3. Badagnani I, Castro RA, Taylor TR, Brett CM, Huang CC, et al. (2006) 
Interaction of methotrexate with organic- anion transporting polypeptide 1A2 
and its genetic variants. The Journal of pharmacology and experimental 
therapeutics 318: 521-529. 

4. van dc Steeg E, van Esch A, Wagenaar E, Kenworthy KE, Schinkcl AH (2013) 
Influence of human OATP1B1, OATP1B3, and OATP1A2 on the pharmaco- 
kinetics of methotrexate and paelitaxcl in humanized transgenic mice. Clinical 
cancer research: an official journal of the American Association for Cancer 
Research 19: 821-832. 

5. Shitara Y, Maeda K, Ikejiri K, Yoshida K, Horie T, et al. (2013) Clinical 
significance of organic anion transporting polypeptides (OATPs) in drug 
disposition: their roles in hepatic clearance and intestinal absorption. 
Biopharmaecuties & drug disposition 34: 45—78. 

6. Poirier A, Funk C, Lave T, Noc J (2007) New strategics to address drug-drug 
interactions involving OATPs. Curr Opin Drug Discov Devel 10: 74—83. 

7. Kivisto KT, Nicmi M (2007) Influence of drug transporter polymorphisms on 
pravastatin pharmacokinetics in humans. Pharm Res 24: 239—247. 

8. Glaeser H, Bailey DC, Dresser GK, Gregor JC, Sehwarz UI, et al. (2007) 
Intestinal drug transporter expression and the impact of grapefruit juice in 
humans. Clin Pharmacol Ther 81: 362—370. 

9. Roth M, Obaidat A, Hagcnbuch B (2012) OATPs, OATs and OCTs: the 
organic anion and cation transporters of the SLCO and SLC22A gene 
supcrfamilics. Br J Pharmacol 165: 1260-1287. 

10. Yang CH, Glover KP, Han X (2010) Characterization of cellular uptake of 
perfluorooctanoate via organic anion-transporting polypeptide 1A2, organic 
anion transporter 4, and urate transporter 1 for their potential roles in mediating 
human renal reabsorption of pcrlluoroearboxylatcs. Toxicol Sci 117: 294-302. 

11. Gao B, Hagcnbuch B, Kullak-Ubliek GA, Benke D, Aguzzi A, et al. (2000) 
Organic anion-transporting polypeptides mediate transport of opioid peptides 
across blood-brain barrier. J Pharmacol Exp Ther 294: 73—79. 

12. Su Y, Zhang X, Sinko PJ (2004) Human organic anion-transporting polypeptide 
OATP-A (SLC21A3) acts in concert with P-glycoprotein and multidrug 
resistance protein 2 in the vectorial transport of Saquinavir in Hep G2 cells. 
Mol Pharm 1: 49-56. 

13. Lee W, Glaeser H, Smith LH, Roberts RL, Moeckel GW, et al. (2005) 
Polymorphisms in human organic anion-transporting polypeptide 1A2 
(OATP1A2): implications for altered drug disposition and central nervous 
system drug entry. J Biol Chem 280: 9610-9617. 

14. Hartkoorn RC, Kwan WS, Shallcross V, Chaikan A, Liptrott N, et al. (2010) 
HIV protease inhibitors are substrates for OATP1A2, OATP1B1 and 
OATP1B3 and lopinavir plasma concentrations are influenced by SLCOIBI 
polymorphisms. Pharmacogenet Genomics 20: 112—120. 

15. Kullak-Ublick GA, Hagcnbuch B, Sticger B, Schteingart CD, Hofmann AF, et 
al. (1995) Molecular and functional characterization of an organic anion 
transporting polypeptide cloned from human liver. Gastroenterology 109: 1274— 
1282. 

16. Mandcry K, Bujok K, Schmidt I, Keiser M, Sicgmund W, et al. (2010) Influence 
of the tlavonoids apigenin, kacmpfcrol, and quercetin on the function of organic 
anion transporting polypeptides 1A2 and 2B1. Biochcm Pharmacol 80: 1746- 
1753. 

17. Shirasaka Y, Suzuki K, Nakanishi T, Tamai I (2010) Intestinal absorption of 
HMG-CoA reductase inhibitor pravastatin mediated by organic anion 
transporting polypeptide. Pharm Res 27: 2141-2149. 

18. Roth M, Timmermann BN, Hagcnbuch B (2011) Interactions of green tea 
catechins with organic anion-transporting polypeptides. Drug Metab Dispos 39: 
920-926. 

19. Rcbello S, Zhao S, Hariry S, Dahlke M, Alexander N, et al. (2012) Intestinal 
OATP1A2 inhibition as a potential mechanism for the effect of grapefruit juice 



nalization; and (iii) PDZ proteins also stabilize OATP1A2 protein 
expression in HEK 293 cells. The potential significance of the 
present findings is that PDZ proteins, in particular PDZK1 and 
NHERF1, may represent novel molecular targets for the 
modulation of the intracellular distribution of drugs that are 
transported by OATP1A2. 

Author Contributions 

Conceived and designed the experiments: FZ. Performed the experiments: 
JZ TC FC FZ. Analyzed the data: JZ TC. Contributed reagents/ 
materials/analysis tools: LZ. Wrote the paper: MM FZ. 



on aliskiren pharmacokinetics in healthy subjects. Eur J Clin Pharmacol 68: 
697-708. 

20. Cheng Z, Liu H, Yu N, Wang F, An G, et al. (2012) Hydrophilic anti-migraine 
triptans are substrates for OATP1A2, a transporter expressed at human blood- 
brain barrier. Xenobiotica 42: 880-890. 

21. Lee TK, Koh AS, Cui Z, Pierce RH, Ballatori N (2003) N-glycosylation controls 
functional activity of Oatpl, an organic anion transporter. Am J Physiol 
Gastrointest Liver Physiol 285: G371-381. 

22. Kock K, Koenen A, Giese B, Fraunholz M, May K, et al. (2010) Rapid 
modulation of the organic anion transporting polypeptide 2B 1 (OATP2B 1 , 
SLC02B1) function by protein kinase C-mediated internalization. J Biol Chem 
285: 11336-11347. 

23. Zhou F, Lee AC, Krafczyk K, Zhu L, Murray M (2011) Protein kinase C 
regulates the internalization and function of the human organic anion 
transporting polypeptide 1A2. Br J Pharmacol 162: 1380-1388. 

24. Le Vee M, Gripon P, Sticger B, Fardel O (2008) Down-regulation of organic 
anion transporter expression in human hepatocytes exposed to the proin- 
flammatory cytokine interlcukin lbeta. Drug Metab Dispos 36: 217-222. 

25. Guo GL, Klaassen CD (2001) Protein kinase C suppresses rat organic anion 
transporting polypeptide 1- and 2-mcdiatcd uptake. J Pharmacol Exp Ther 299: 
551-557. 

26. Choi JH, Murray JW, Wolkoff AW (2011) PDZK1 binding and serine 
phosphorylation regulate subcellular trafficking of organic anion transport 
protein lal. Am J Physiol Gastrointest Liver Physiol 300: G384-393. 

27. Wang P, Wang JJ, Xiao Y, Murray JW, Novikoff PM, et al. (2005) Interaction 
with PDZK1 is required for expression of organic anion transporting protein 
1A1 on the hepatocyte surface. J Biol Chem 280: 30143-30149. 

28. Sugiura T, Otake T, Shimizu T, Wakayama T, Silver DL, et al. (2010) PDZK1 
regulates organic anion transporting polypeptide Oatpl a in mouse small 
intestine. Drug Metab Pharmacokinct 25: 588-598. 

29. Shcng M, Sala C (2001) PDZ domains and the organization of supramolccular 
complexes. Annu Rev Neurosci 24: 1-29. 

30. Miyazaki H, Anzai N, Ekaratanawong S, Sakata T, Shin HJ, ct al. (2005) 
Modulation of renal apical organic anion transporter 4 function by two PDZ 
domain-containing proteins. Journal of the American Society of Nephrology 16: 
3498-3506. 

31. Noshiro R, Anzai N, Sakata T, Miyazaki H, Terada T, et al. (2006) The PDZ 
domain protein PDZK1 interacts with human peptide transporter PEPT2 and 
enhances its transport activity. Kidney International 70: 275-282. 

32. Zhou F, Xu W, Tanaka K, You G (2008) Comparison of the interaction of 
human organic anion transporter hOAT4 with PDZ proteins between kidney 
cells and placental cells. Pharm Res 25: 475—480. 

33. Wang WJ, Murray JW, Wolkoff AW (2014) Oatplal requires PDZK1 to traffic 
to the plasma membrane by selective recruitment of microtubulc-bascd motor 
proteins. Drug Metab Dispos 42: 62-69. 

34. Kato Y, Yoshida K, Watanabe C, Sai Y, Tsuji A (2004) Screening of the 
interaction between xenobiotic transporters and PDZ proteins. Pharm Res-Dord 
21: 1886-1894. 

35. Toh DS, Murray M, Pern Tan K, Mulay V, Grewal T, et al. (201 1) Functional 
analysis of pharmacogcnctic variants of human organic cation/ carnitine 
transporter 2 (hOCTN2) identified in Singaporean populations. Biochcm 
Pharmacol 82: 1692-1699. 

36. Toh DSL, Cheung FSG, Murray M, Pern TK, Lee EJD, et al. (2013) Functional 
Analysis of Novel Variants in the Organic Cation/Ergothioncine Transporter 1 
Identified in Singapore Populations. Mol Pharmaccut 10: 2509—2516. 

37. Zhou F, Zhu L, Cui PH, Church WB, Murray M (2010) Functional 
characterization of nonsynonymous single nucleotide polymorphisms in the 
human organic anion transporter 4 (hOAT4). Br J Pharmacol 159: 419-427. 

38. Ecchoute K, Franke RM, Loos WJ, Scherkenbach LA, Bocre I, et al. (2011) 
Environmental and genetic factors affecting transport of imatinib by OATP1A2. 
Clin Pharmacol Ther 89: 816-820. 

39. Zhang Q, Hong M, Duan P, Pan Z, Ma J, et al. (2008) Organic anion 
transporter OAT1 undergoes constitutive and protein kinase C-regulated 



PLOS ONE | www.plosone.org 



10 



April 2014 | Volume 9 | Issue 4 | e94712 



PDZK1 and NHERF1 Regulate 0ATP1A2 Function 



trafficking through a dynamin- and clathrin-dcpcndcnt pathway. J Biol Chcm 
283: 32570-32579. 

40. Sugiura T, Kato Y, Kubo Y, Tsuji A (2006) Mutation in an adaptor protein 
PDZK1 affects transport activity of organic cation transporter OGTNs and 
oligopeptide transporter PEPT2. Drug Metab Pharmaeok 21: 375-383. 

41. Mousavi SA, Malerod L, Berg T, Kjckcn R (2004) Clathrin-dependent 
endocytosis. BiochemJ 377: 1-16. 

42. Pclkmans L, Hclenius A (2002) Endocytosis via caveolae. Traffic 3: 31 1-320. 

43. Jayanthi LD, Annamalai B, Samuvel DJ, Gcthcr U, Ramamoorthy S (2006) 
Phosphorylation of the norepinephrine transporter at threonine 258 and serine 
259 is linked to protein kinase G-mediated transporter internalization. J Biol 
Chem 281: 23326-23340. 

44. Vandenbulcke F, Nouel D, Vincent JP, Mazella J, Beaudet A (2000) Ligand- 
indueed internalization of neurotensin in transfected GOS-7 cells: differential 
intracellular trafficking of ligand and receptor. J Cell Sci 1 13 (Pt 17): 2963-2975. 

45. Anderson RG (1998) The caveolae membrane system. Annu Rev Biochem 67: 
199-225. 

46. Pawson AJ, Maudsley SR, Lopes J, Katz AA, Sun YM, et al. (2003) Multiple 
determinants for rapid agonist-induced internalization of a nonmammalian 
gonadotrop in-releasing hormone receptor: a putative palmitoylation site and 
threonine doublet within the carboxyl-terminal tail Are critical. Endocrinology 
144: 3860-3871. 

47. Simpson JC, Smith DC, Roberts LM, Lord JM (1998) Expression of mutant 
dynamin protects cells against diphtheria toxin but not against ricin. Exp Cell 
Res 239: 293-300. 



48. Croons V, Martinet W, Herman AG, De Meyer GR (2008) Differential effect of 
the protein synthesis inhibitors puromycin and cycloheximide on vascular 
smooth muscle cell viability. J Pharmacol Exp Ther 325: 824-832. 

49. Darken MA (1964) Puromycin Inhibition of Protein Synthesis. Pharmacol Rev 
16: 223-243. 

50. Lee HJ, Zheng J[J (2010) PDZ domains and their binding partners: structure, 
specificity, and modification. Cell Commun Signal 8. 

51. Zhang Q, Pan Z, You G (2010) Regulation of human organic anion transporter 
4 by protein kinase C and NHERE-1: altering the endocytosis of the transporter. 
Pharm Res 27: 589-596. 

52. Boehmer C, Palmada M, Klaus F, Jeyaraj S, Lindner R, et al. (2008) The 
Peptide Transporter PEPT2 is Targeted by the Protein Kinase SGK1 and the 
Scaffold Protein NHERF2. Cell Physiol Biochem 22: 705-714. 

53. Watanabe C, Kato Y, Sugiura T, Kubo Y, Wakayama T, et al. (2006) PDZ 
adaptor protein PDZK2 stimulates transport activity of organic cation /carnitine 
transporter OCTN2 by modulating cell surface expression. Drug Metabolism 
and Disposition 34: 1927-1934. 

54. Kato Y, Sai Y, Yoshida K, Watanabe C, Hirata T, et al. (2005) PDZK1 directly 
regulates the function of organic cation/carnitine transporter OCTN2. Mol 
Pharmacol 67: 734-743. 

55. LaLonde DP, Bretseher A (2009) The scaffold protein PDZK1 undergoes a 
head-to-tail intramolecular association that negatively regulates its interaction 
with EBP50. Biochemistry 48: 2261-2271. 

56. Fenskc SA, Yesilaltay A, Pal R, Daniels K, Barker C, et al. (2009) Normal 
Hepatic Cell Surface Localization of the High Density Lipoprotein Receptor, 
Scavenger Receptor Class B, Type I, Depends on All Four PDZ Domains of 
PDZK1. Journal of Biological Chemistry 284: 5797-5806. 



PLOS ONE | www.plosone.org 



11 



April 2014 | Volume 9 | Issue 4 | e94712 



